Walking past the fi sh counter in a typical US or European supermarket certainly gives the impression of abundance. At any time of the year, you can usually peer through the glass and behold an inviting assortment of plump, glistening salmon and cod fi llets, along with shrimp, scallops, and a variety of other tasty items. This apparent largesse goes hand in hand with a growing demand for seafood. Worldwide, the amount of seafood each person consumes, on average, has steadily risen to the point where 15% of the protein in our diets comes from fi sh. This is happening in the face of a growing population, which means the supply of fi sh has outpaced the proliferation of humans. Fish -here used in the loose sense of the word to include both proper fi sh and shellfi shis an important component of many people's diets, both in the developing world, for example, communities that engage in subsistence fi shing, and also in the developed world, where it is often prized in cuisine and promoted for its supposed health benefi ts. As people rise out of poverty in places like China, with its huge population and cultural affi nity for fresh fi sh, more people can afford to buy it, further increasing demand. So an important question arises. What is the current status of our fi sheries and can we keep pace with this growth in demand? And, if so, at what cost?
Where fi sh comes from -the big picture The Food and Agricultural Organization (FAO), which is under the purview of the United Nations, estimates that in 1950 the amount of fi sh landed worldwide amounted to 19.3 million tons. That fi gure had increased to 93.4 million tons in 2014, meaning we are pulling about fi ve times as much fi sh out of our rivers, lakes, and oceans. But the stunning fact is that the catch started to level off in the late 80s, peaking in the mid90s, and has actually declined slightly since then. So how is this squared with the rise in consumption? The answer is aquaculture. Probably the most dramatic development in the fi sh industry in the last 25 years has been the rapid expansion of aquaculture, which has progressed to the point where it contributes almost half of the fi sh we eat worldwide. Places such as the United States, Canada, and Norway, for example, have extensive salmon farming operations, where fi sh are raised like pigs in aquatic pens close to shore. When you see fi llets in the market labelled as 'Atlantic Salmon', it's likely to be farmed fi sh. Looking at the global aquaculture market as a whole, Asia is by far the biggest player, contributing nearly 90% of the global supply of farmed fi sh, including many products familiar to the western consumer like tilapia and shrimp.
Problems with fi shing and fi sh farming So far, this all seems well and good from the standpoint of maintaining our food supply, but the leveling off of the wild catch and the rise of farmed fi sh belie some serious problems that like the great white shark in the movie Jaws lurk below the surface. Considering fi rst the fi shing industry, the stagnation in annual catches for the last 20 years has occurred despite an increase in fi shing effort. This means that the fi sh are becoming scarcer and fi shermen are
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Not so many fi sh in the sea
The production of our fi sheries peaked 20 years ago, and has declined slightly since then, a problem that is not helped by the growing incidence of over-fi shing worldwide. But as Cyrus Martin reports, there are a few success stories that can serve as models for how to properly manage our wild seafood. However, even the most carefully managed system will not satisfy future demand for fi sh, which will have to be met by the rapidly expanding aquaculture industry. having to go farther offshore to catch them, using ever more sophisticated technology. In fact, the FAO estimates that the percentage of overfi shed stocks increased from 10% to 31% from 1974 to 2013, suggesting that on the whole we are moving further away from the goal of sustainable fi shing. Advances in technology and overall fi shing effort will allow fi shermen to maintain supply in the short term, but eventually we will have to pay the piper in the form of reduced or even greatly diminished catches. One of the more notable and much written about examples of this happening on a regional level was the complete collapse of the cod fi shery in the Northwest Atlantic in the 1970s, where overfi shing and lack of management destroyed one of the most productive cod fi sheries in the world. Aquaculture would seem to offer a viable alternative that could relieve pressures on wild fi sh stocks, but there are important caveats. Maintaining high densities of animals in close quarters increases the risk of disease and parasites, and this has already been observed on salmon farms where sea louse infestations are common. In addition, aquaculture has come under fi re for the pollution that high-density farms generate in coastal areas, as well as the potential for genetically modifi ed fi sh to escape their pens and mingle with wild populations, with uncertain consequences for native populations. Finally, farmed fi sh like salmon are nourished on feeds made from wild-caught fi sh, in particular, the Peruvian anchovy which is caught in huge numbers off the coast of South America. The reliance of aquaculture on these types of fi sh feeds places a strain on wild stocks which could in principle be harvested for direct human consumption. Instead, one type of fi sh is converted into another, often in an ineffi cient manner. To take an extreme example, it is estimated that as much as 20 pounds of feed derived from wild fi sh is needed to produce one pound of farmed tuna.
Solutions
Barring a switch to vegetarian diets, if we are to keep pace with the demand for seafood we clearly need to fi nd ways to sustainably fi sh the oceans while at the same time expanding aquaculture in a manner that doesn't confl ict with this effort. In terms of the way modern fi sheries are managed, the goal has always been to maximize the sustainable yield of a stock -the key word being 'sustainable' -by implementing measures that prevent populations from falling below a threshold size. While a simple concept in principle, achieving this goal has been diffi cult. At the heart of the problem is a famous concept known as 'the tragedy of the commons', a phrase coined by the economist William Forster Lloyd to describe the inevitable degradation of a public good that occurs if all actors are free to behave in their own self-interests. Applying the concept to fi shing, we would predict that if left to their own devices fi shermen should take more fi sh than is sustainable in the long term, even though this is suboptimal, because they suspect that, if they don't, their counterparts will. This is what we saw in the Northwest Atlantic and other places in the 1970s and 80s. To combat overfi shing, then, a legally binding framework is needed where all participants agree to a set of rules aimed at keeping the catch at sustainable levels.
A fi sheries manager has many tools at their disposal. One approach is to reduce fi shing effort by establishing a season of defi ned length during which it is legal to fi sh. Fisheries scientists can monitor the population size and shorten or lengthen the window as needed to control fi shing effort. Another approach is to set a cap on the total allowable catch at the start of the season and then distribute quota among vessels. In this scenario, each vessel is only allowed to legally land a certain amount of fi sh, the total among vessels being equal to the cap. Finally, yet another measure is to subsidize the decommissioning of vessels so that the total fl eet size is reduced.
All of these approaches can be effective to a degree but they also all have their shortcomings. With regard to shortening the season, fi shermen have been observed to take countermeasures by fi shing more intensely, and investing in more gear and more vessels. Not only is the goal of reducing fi shing pressure on the target species not achieved, this kind of fi shing can be more hazardous for those involved and the fi shing itself is less selective, resulting in many non-target species being brought up in nets and discarded because they often cannot be legally landed. Fisheries managed in this way also dump huge quantities of product on the market all at once, which depresses prices, making it diffi cult to make a living. Setting catch limits and distributing quota among vessels could help avoid such scenarios. Consistent with this, a recent paper in Nature showed that catch limits slow down the pace of fi shing, reducing the incidence of MadMax style fi shing derbies, and allowing fi shermen to harvest their quota in their own good time (Nature (2017) 544, 223-226).
The most effectively managed fi sheries appear to be those that use a combination of catch limits and measures to reduce fi shing effort. Indeed, there have been a few success stories in recent years, most notably in the Northeast Atlantic which is managed according to the principles laid out in the Common Fisheries Policy. Since 2002, when reforms were introduced that included reductions in fi shing effort in combination with strict catch limits, there have been substantial improvements in stocks, with the majority of assessed stocks now judged to be sustainably fi shed. This is in stark contrast to nearby fi sheries in the Mediterranean and Baltic Seas, which have yet to implement such measures. These regions by contrast have one of the higher rates of overfi shing in the world.
Similar to the CFP in Europe, in response to overfi shing of many of its stocks the US passed the MagnusonStevens Fishery Conservation and Management Act in 1976, with an updated version in 1996 known as the Sustainable Fisheries Act. Among other measures, the act requires fi sheries managers to set quantifi able goals in terms of the levels stocks should be maintained at to achieve maximum sustainable yields. If a stock is being overfi shed, the act stipulates that efforts must be made to restore the stock within a 10-year period. The legislation has largely been viewed as a success and, as of 2013, 64% of the overfi shed stocks in the US had either recovered or were well on their way back.
While the US and northern Europe are clearly moving in the right direction, as noted above there has been a steady increase in overfi shed stocks worldwide.
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The Mediterranean and Baltic have been mentioned but troubling patterns are also emerging in the Caribbean, the west and east coasts of Africa, and the eastern coast of South America where 50% or more of the stocks are overfi shed. As Paul Fernandes, a fi sheries scientist at the University of Aberdeen notes, the reasons are complex. "I suspect that there is less money as well as political will in these areas simply because fi sheries management is expensive (science and enforcement) and these areas have more pressing economic concerns." Fernandes added, "Another point to make though, is that it is much more diffi cult to monitor fi sheries and enforce regulations in areas where there are large numbers of fi shermen, many of whom have artisanal activities, selling or bartering fi sh at numerous places, rather than a few designated ports. Typically, these poorer countries have a large number of smaller vessels with many more fi shers to control, which, even if they had the necessary funds and infrastructure, would be diffi cult."
It may be necessary for richer countries to lend a hand in the form of money for oversight and enforcement, and also in terms of technical knowhow, which is critical for accurately monitoring the health of stocks. In the US, the efforts of the National Oceanographic and Atmospheric Administration (NOAA) have been key to the rebuilding of stocks. One example of this is NOAA's Sea Grants program, where small grants are awarded in the areas of fi sheries management and aquaculture research. Unfortunately, the political climate in the US has changed dramatically, with the new administration generally regarded as being hostile to science. NOAA and its Sea Grants program are near the top of President Trump's list of programs to severely cut or eliminate, which has fi sheries scientists in the US worried. There is concern in the UK as well that the impending exit from the European Union will be mean a rolling back of CFP policies. Groups such as 'Fishing for Leave', a consortium of UK-based fi shermen, see Brexit as an opportunity to roll back regulation, and move to a system that controls fi shing effort alone.
"I think this would be a mistake", said Fernandes, responding to the clamor for deregulation from such groups. Referring to his most recent research on European fi sheries, he notes: "It is no coincidence that the only locations and stocks in Europe where there are no quotas, but there is effort control (Faroes and the Mediterranean), are the only places where nearly all fi sh stocks are overfi shed."
Fisheries science and ecosystembased approaches
As we have seen in the Northeast Atlantic, if overfi shing is stopped a stock can recover. But there is no guarantee. In the case of cod in the Northwest Atlantic, despite strict limits on fi shing, the stock has never recovered. This may be explained by some peculiarities of the species, as Bob Steneck, a marine biologist at the University of Maine explains. "Cod is an aggregate spawner just as snappers and groupers are in the tropics. And like their tropical counterparts once a spawning aggregation is extirpated, it takes a long time to recover. We know from published research that as recently as the 1930s there were over 30 spawning sites along the coast of Maine. Today there are none." Steneck added, "…until spawning aggregation sites are restored, fertilization success will be low. So rebuilding the stocks will be extremely diffi cult... which is what we have seen." Steneck's explanation makes clear that we need to have a good understanding of a fi sh's biology if we are to manage it properly. Beyond this, we also need to know how a particular target species interacts with other species in its environment, and how fi shing affects these interactions. Steneck's work off the coast of Maine has shown how the overfi shing of cod can have a dramatic effect on marine ecosystems. Cod are top predators, feeding on a range of smaller fi sh, molluscs, and crustaceans, including that iconic crustacean, the Maine lobster. With the removal of its main predator, lobsters have exploded in numbers off the coast, a great boon to the lobster industry.
The seafl oor off the coast of Maine is seething with lobsters, reaching densities of nearly one lobster per square meter, and most of the harbors and inlets are choked with lobster buoys connected to traps on the seafl oor waiting to catch them. Such traps are baited with fi sh like herring, which has been shown to contribute substantially to the lobster's diet. The removal of natural predators and the provisioning of food have led to the argument that the lobster, like the cow and the Atlantic salmon, has been domesticated. The coast of Maine is essentially one large undersea lobster farm, to the exclusion of most other fi shing. Unfortunately, there are inherent risks associated with this scheme. Steneck for example argues that the Maine lobster fi shery may be a 'gilded trap' in which the lack of diversifi cation sets the industry up for a catastrophic collapse. Indeed, the high density of lobsters that cod overfi shing and lobster management practices support make them susceptible to disease, which has already decimated lobster stocks further to the south.
Future perils aside, the cod fi sherman's loss appears to be the lobsterman's gain, at least in the short term. But overfi shing is unfortunately often a lose-lose situation. Though knock-on effects of overfi shing are in many cases unknown, in some cases we have hard data. The effect of overfi shing herbivorous fi sh populations on some coral reefs, for example, has been shown to cause a so-called phase shift in the ecosystem, where corals and the important habitat they provide for a variety of marine animals is replaced by an algae-dominated one.
And in temperate waters, such as off the Pacifi c Northwest coast, evidence suggests that pollack fi shermen compete with marine mammals that prey on this species, meaning that fi shing is depriving such animals of an important food source, resulting in smaller population sizes.
Given the potentially negative consequences for target species and non-target species alike, there is a growing push to adopt what is referred to as an ecosystems-based approach to fi sheries management. While a bit vague and encompassing a wide range of issues, the idea is to essentially take into consideration an organism's place in a complex network of interactions when making management decisions. Such an approach makes sense from a number of perspectives. From the commercial viewpoint, clearly it is important to know how overfi shing of one species affects another species that has commercial value, the relationship between cod and lobster being an especially good example of this. But the motivations behind the ecosystem-based approach are broader than this and encompass the aim of conserving biodiversity, though many would argue that a healthy ecosystem provides many ancillary benefi ts to mankind, in addition to its intrinsic value. Though many fi sheries in the developed world have made it a goal to adopt an ecosystem-based approach, few have implemented a concrete strategy. One exception is The Commission for the Conservation of Antarctic Marine Living Resources, which limits fi shing of krill in the Southern Ocean so that marine animals in the region have enough to eat.
Placing hope in vegetarian fi sh
No matter how wisely we manage our fi sheries, the sea can only produce so much. The expansion of aquaculture, therefore, will be the only viable way to keep pace with demand for seafood. But if feeds now widely used in aquaculture continue to draw on fi sh from the ocean, the potential for expansion will be limited. One solution is to make more with less. Right now an enormous amount of protein is simply discarded by fi sh-processing plants that don't fully utilize the whole carcass. The leftover fi sh entrails could be used in feeds, as could the unintended bycatch caught by There is also much potential to make aquaculture itself less dependent on fi sh feed and oil. Some species of carp are vegetarian by nature and can be cultured with little or no fi sh feed, as can many shellfi sh like clams and mussels. In principle, these species could fi ll the breach when the fi sh feed supply becomes exhausted. This kind of nofeed aquaculture already constitutes 30% of the fi sh-farming market.
There is even hope that vegetarian salmon may one day be farmed. Mostly due to the rising cost of fi sh feed, salmon farmers have already found ways to use fi sh feed more sparingly, during specifi c stages of salmon growth and development that most benefi t from it. It's already been proven that a fi sh like a salmon or trout can be raised on a completely vegetarian diet but their growth is reduced, making the process commercially inviable. As technology develops, however, and we learn more about the biology and nutritional requirements of farmed fi sh, it is realistic to expect that we will soon be able to raise species such as these completely on plant-based protein.
Coming to terms with the ocean's limits Paul Greenberg in his best-selling book Four Fish pointed out that fi sh are the last wild food. Perhaps it makes sense that the ocean, the last domain on Earth yet to be fully explored, is also the last refuge of wild food. Its vastness and the amount of life within it are such that it would have been unimaginable for a person living 200 years ago to conceive that mankind could actually remove fi sh faster from the ocean than they could replace themselves. Now, we know the ocean's resources are not infi nite, that there is a hard ceiling beyond which we cannot trespass. Our solution to the ocean's limitation appears to be to lasso and corral those silvery inhabitants of the sea and raise them up like steer. In his book, Greenberg understandably laments the taming of such a beautiful specimen as a wild Chinook salmon. But domesticating such animals will probably do more to save the ocean's wildlife than anything else.
